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Michael acceptors are often used and versatile electrophiles in organic synthesis. Their capability to form conjugates with peptides bearing nucleophilic groups, such as the thiol of the tripeptide glutathione (GSH), supplies them with a broad spectrum of bioactivity. To assess the toxicity of xenobiotic Michael acceptors[1](#anie201909803-bib-0001){ref-type="ref"}, [2](#anie201909803-bib-0002){ref-type="ref"} as well as to estimate their potential as biological tools[3](#anie201909803-bib-0003){ref-type="ref"}, [4](#anie201909803-bib-0004){ref-type="ref"}, [5](#anie201909803-bib-0005){ref-type="ref"} or covalent drugs,[2](#anie201909803-bib-0002){ref-type="ref"}, [6](#anie201909803-bib-0006){ref-type="ref"} the kinetics of non‐enzymatic GSH thiol--Michael additions have been broadly investigated under physiological conditions.[2](#anie201909803-bib-0002){ref-type="ref"}, [6l](#anie201909803-bib-0006l){ref-type="ref"}, [7](#anie201909803-bib-0007){ref-type="ref"}, [8](#anie201909803-bib-0008){ref-type="ref"}, [9](#anie201909803-bib-0009){ref-type="ref"} The corresponding second‐order rate constants, *k* ~GSH~, provide the experimental basis for structure--activity relationships that comprise, for example, α,β‐unsaturated aldehydes, ketones, and esters.[2](#anie201909803-bib-0002){ref-type="ref"}, [6g](#anie201909803-bib-0006g){ref-type="ref"}

The kinetics of Michael additions of carbon‐centered reference nucleophiles were extensively studied by Mayr and co‐workers, who used Equation [(1)](#anie201909803-disp-0001){ref-type="disp-formula"} to establish an ordering system for the electrophilic reactivity of structurally diverse Michael acceptors.[10](#anie201909803-bib-0010){ref-type="ref"} Equation (1) is a linear free energy relationship that calculates solvent‐independent electrophilicity parameters *E* from experimentally determined second‐order rate constants *k* ~2~ for the reactions of electrophiles with nucleophiles of known nucleophilic reactivities *N* and susceptibilities *s* ~N~ (in a certain solvent).[11](#anie201909803-bib-0011){ref-type="ref"} $$\lg\, k{}_{2}\left( 20\,{}^{\circ}C \right) = s{}_{N}\left( N + E \right)$$

Kamiya, Urano, and co‐workers recently demonstrated that Mayr\'s electrophilicities *E* provide a useful guide for the rational design of real‐time dynamic GSH fluorescent probes.[4a](#anie201909803-bib-0004a){ref-type="ref"} We therefore set out to interconnect electrophilicity rankings for Michael acceptors originating from rate constants of their reactions with GSH[2d](#anie201909803-bib-0002d){ref-type="ref"}, [7](#anie201909803-bib-0007){ref-type="ref"}, [8](#anie201909803-bib-0008){ref-type="ref"}, [9](#anie201909803-bib-0009){ref-type="ref"} with those relying on Mayr electrophilicities *E*.[10](#anie201909803-bib-0010){ref-type="ref"}, [12](#anie201909803-bib-0012){ref-type="ref"} To achieve the contact between both reactivity scales we determined the Mayr nucleophilicity of GSH in aqueous solution from the kinetics of its reactions with the reference electrophiles **E1**--**E17** (Figure [1](#anie201909803-fig-0001){ref-type="fig"}). As a consequence, the mutual interconversion of known electrophilic reactivities lg *k* ~GSH~ and *E* becomes possible.

![Reference electrophiles **E1**--**E17** used in this study (counterion for benzhydrylium ions **E1**--**E4**: BF~4~ ^−^; electrophilicities *E* from Refs. [10](#anie201909803-bib-0010){ref-type="ref"}, [11b](#anie201909803-bib-0011b){ref-type="ref"}, [12](#anie201909803-bib-0012){ref-type="ref"}).](ANIE-58-17704-g001){#anie201909803-fig-0001}

Dropwise addition of a deeply blue acetonitrile solution of the electrophile **E1** [13](#anie201909803-bib-0013){ref-type="ref"} to a neutral, aqueous solution of GSH led to fading of the blue color within seconds because of the rapid formation of the colorless S‐benzhydrylated adduct **GS‐E1**⋅HBF~4~ (Scheme [1](#anie201909803-fig-5001){ref-type="fig"}).

![Adduct formation between GSH and the benzhydrylium tetrafluoroborate **E1** in neutral, aqueous solution. NOESY experiments indicated a benzhydrylated Cys moiety in **GS‐E1**.](ANIE-58-17704-g005){#anie201909803-fig-5001}

Thiolate attack at the cationic center of **E1** also occurred, though significantly faster, when **E1** was added to an alkaline, aqueous solution of GSH to yield **GS‐E1**. Competing attack of the γ‐glutamyl NH~2~ group of GSH at **E1** was not detected (see the Supporting Information), in agreement with the rate ratio of \>100:1 for the S^−^/NH~2~ attack of GSH at acrylonitrile (pH 8.1, 30 °C) determined by Friedman and co‐workers.[7a](#anie201909803-bib-0007a){ref-type="ref"}, [14](#anie201909803-bib-0014){ref-type="ref"} Accordingly, the analogous reaction of **E1** with *N*‐acetylcysteine (AcCys), which is devoid of a reactive NH~2~ group, gave rise to S‐benzhydrylated AcCys (see the Supporting Information).

Owing to the similar acidities of the thiol and the ammonium group of GSH(NH~3~ ^+^/SH), they are deprotonated simultaneously in the pH range 7 to 12, producing two reactive thiolate species, that is, GSH(NH~3~ ^+^/S^−^) and GSH(NH~2~/S^−^). Depending on the pH value, variable fractions of the individual thiolates are present in the aqueous solutions, and microscopic ionization constants are needed to describe the acid--base equilibria[7a](#anie201909803-bib-0007a){ref-type="ref"}, [15](#anie201909803-bib-0015){ref-type="ref"} (see the Supporting Information).

The rates of GSH adduct formation with reference electrophiles **E2**--**E10** were investigated at pH 12 in aqueous solution (20 °C). At this pH, the thiol groups of GSH[15a](#anie201909803-bib-0015a){ref-type="ref"}--[15c](#anie201909803-bib-0015c){ref-type="ref"} and AcCys,[15d](#anie201909803-bib-0015d){ref-type="ref"} respectively, are almost quantitatively (\>99 %) deprotonated to the corresponding thiolates RS^−^ \[that is, GSH(NH~2~/S^−^) from GSH\]. The thiolates RS^−^ add directly to the cationic reference electrophiles **E2**--**E4** or undergo conjugate additions to the neutral Michael acceptors **E5**--**E10** (Scheme [2](#anie201909803-fig-5002){ref-type="fig"}).

![Reactions of cationic and neutral electrophiles **E** with thiolate ions generated from GSH or AcCys in alkaline, aqueous solutions.](ANIE-58-17704-g006){#anie201909803-fig-5002}

The kinetics of the covalent bond formation between the deprotonated GSH (or AcCys) and the electrophiles **E** were monitored by following the decay of the UV/Vis absorbance of the colored cationic or neutral electrophiles by using the stopped‐flow technique (see the Supporting Information). With thiolate ions at at least tenfold higher concentrations than their electrophilic reaction partners (pseudo‐first‐order conditions), we observed rapid mono‐exponential decays of the electrophile concentrations. First‐order rate constants *k* ~obs~ (s^−1^) were obtained by least‐squares fitting of the single‐exponential function *A~t~*=*A* ~0~e${}^{- k{}_{obs}t}$ +*C* to the time‐dependent absorbance (Figure [2](#anie201909803-fig-0002){ref-type="fig"} a).

![a) Decay of the absorbance *A* (at 383 nm) in the reaction of GSH (*c=*1.00×10^−4^  [m]{.smallcaps}) with **E5** (*c=*1.03×10^−5^  [m]{.smallcaps}) at 20 °C (aqueous solution, pH 12). The fitted mono‐exponential function is depicted in red. b) The slope of the linear correlation of the first‐order rate constant *k* ~obs~ with the initial concentration of the GSH thiolate \[RS^−^\]~0~ was used to derive the second‐order rate constant *k* ~2~ for the attack of the GSH thiolate at the Michael acceptor **E5**.](ANIE-58-17704-g002){#anie201909803-fig-0002}

Table [1](#anie201909803-tbl-0001){ref-type="table"} lists the second‐order rate constants *k* ~2~ ([m]{.smallcaps} ^−1^ s^−1^) for the attack of thiolate ions generated from GSH and AcCys, respectively, at the reference electrophiles **E2**--**E10**, which (according to *k* ~obs~=*k* ~2~\[RS^−^\]~0~) were obtained as the slopes of the linear correlations of *k* ~obs~ with the thiolate concentrations (as exemplified for the reaction of GSH with **E5** in Figure [2](#anie201909803-fig-0002){ref-type="fig"} b and for all other combinations in the Supporting Information). Table [1](#anie201909803-tbl-0001){ref-type="table"} also comprises rate constants for the reactions of cysteine with benzhydrylium ions **E2**--**E4**, which were determined by Brotzel and Mayr.[16](#anie201909803-bib-0016){ref-type="ref"} For each of the electrophiles **E2**--**E10**, the reactivities towards GSH and the less functionalized AcCys (or Cys) agree within a factor of 2.5. We conclude from this comparison that exclusively the thiolate reactivity of GSH(NH~2~/S^−^) was detected in our kinetic measurements.

###### 

Second‐order rate constants *k* ~2~ for the reactions of **E2--E10** with thiolates generated from glutathione (GSH), *N*‐acetylcysteine (AcCys), and cysteine (Cys) by deprotonation at pH 12 in aqueous solution at 20 °C.

  Electrophile                *k* ~2~ ([m]{.smallcaps} ^−1^ s^−1^)    
  -------------- ------------ -------------------------------------- ------------
  **E2**         2.70×10^6^   1.47×10^6^                             1.29×10^6^
  **E3**         1.37×10^6^   5.57×10^5^                             6.41×10^5^
  **E4**         6.60×10^5^   3.47×10^5^                             3.79×10^5^
  **E5**         9.61×10^5^   5.21×10^5^                             --
  **E6**         7.60×10^4^   --                                     --
  **E7**         1.46×10^5^   --                                     --
  **E8**         3.62×10^4^   3.14×10^4^                             --
  **E9**         2.58×10^5^   1.96×10^5^                             --
  **E10**        5.31×10^4^   4.12×10^4^                             --

\[a\] With *k* ~2~ from Ref. [16](#anie201909803-bib-0016){ref-type="ref"}.
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Kinetic assays used to investigate GSH reactivity towards electrophilic targets, such as Michael acceptors, are performed in buffered solutions at physiological pH, that is, usually at pH 7.4. In the range pH 7 to 8, only GSH(NH~3~ ^+^/S^−^) is formed as a reactive thiolate. Although weakly populated (1--10 % of \[GSH\]~0~),[15a](#anie201909803-bib-0015a){ref-type="ref"}--[15c](#anie201909803-bib-0015c){ref-type="ref"} this fraction *F* of nucleophilic thiolate ions accounts for the observed GSH reactivity towards electrophiles under physiological conditions. Equation [(2)](#anie201909803-disp-0002){ref-type="disp-formula"} allows one to convert the second‐order rate constants *k* ~GSH~ into second‐order rate constants *k* ~2~ for the corresponding GSH(NH~3~ ^+^/S^−^) thiolate reactions.$$k{}_{2}\,\left( M{}^{- 1}\, s{}^{- 1} \right) = k{}_{GSH}/F$$

Reported pH‐dependent second‐order rate constants *k* ~GSH~ [2d](#anie201909803-bib-0002d){ref-type="ref"}, [7](#anie201909803-bib-0007){ref-type="ref"} for the reactions of GSH with the Michael acceptors **E11**--**E17**, whose Mayr electrophilicities *E* are known, are compiled in Table [2](#anie201909803-tbl-0002){ref-type="table"} along with the second‐order rate constants *k* ~2~ for the corresponding thiolate reactivity \[from Eq. (2)\].

###### 

Second‐order rate constants *k* ~GSH~ as reported for the reactions of GSH with electrophiles **E11--E17** at a certain pH value in aqueous, buffered solutions and second‐order rate constants *k* ~2~ \[calculated by using Eq. (2)\] for the reactions of the GSH(NH~3~ ^+^/S^−^) thiolate.

  Electrophile   *E* ^\[a\]^   *k* ~GSH~ ([m]{.smallcaps} ^−1^ s^−1^)   *k* ~2~ ([m]{.smallcaps} ^−1^ s^−1^)
  -------------- ------------- ---------------------------------------- --------------------------------------
  **E11**        −16.76        3.19×10^1^ (pH 7.4)^\[b\]^               1.14×10^3^
  **E12**        −18.84        1.90×10^−1^ (pH 7.4)^\[c\]^              6.79
  **E13**        −19.07        1.77×10^−1^ (pH 7.4)^\[c\]^              6.31
  **E14**        −20.22        4.17×10^−2^ (pH 7.4)^\[c\]^              1.49
  **E15**        −19.05        1.73×10^−1^ (pH 8.1)^\[d\]^              1.36
  **E16**        −22.77        9.67×10^−4^ (pH 7.4)^\[c\]^              3.45×10^−2^
  **E17**        −23.59        3.10×10^−3^ (pH 7.4)^\[c\]^              1.11×10^−1^

\[a\] Mayr electrophilicities *E* from Ref. [10](#anie201909803-bib-0010){ref-type="ref"}. \[b\] At 20 °C, from Ref. [7b](#anie201909803-bib-0007b){ref-type="ref"}; *F*=0.0280. \[c\] At 25 °C, from Ref. [2d](#anie201909803-bib-0002d){ref-type="ref"}; *F*=0.0280. \[d\] At 30 °C, from Ref. [7a](#anie201909803-bib-0007a){ref-type="ref"}; *F*=0.127.
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As shown in Table [1](#anie201909803-tbl-0001){ref-type="table"}, the relative electrophilic reactivities *E* of **E2**--**E10** also hold for their reactions towards the GSH(NH~2~/S^−^) thiolate in aqueous solution. Friedman showed that protonation at the remote γ‐glutamyl NH~2~ group in GSH reduces the thiolate reactivity by a factor of 2[7a](#anie201909803-bib-0007a){ref-type="ref"} (see the Supporting Information for evidence that this factor is also appropriate in our studies). By applying Friedman\'s factor to convert the *k* ~2~ values from Table [1](#anie201909803-tbl-0001){ref-type="table"}, a linear correlation over 15 orders of magnitude of electrophilic reactivity results from the combined set of second‐order rate constants for reactions of the thiolate GSH(NH~3~ ^+^/S^−^) with **E2**--**E17** when correlated with their *E* descriptors (Figure [3](#anie201909803-fig-0003){ref-type="fig"}).[17](#anie201909803-bib-0017){ref-type="ref"} The slope of the linear correlation in Figure [3](#anie201909803-fig-0003){ref-type="fig"} corresponds to *s* ~N~ (=0.56) for the thiolate GSH(NH~3~ ^+^/S^−^) in water, and from the intercept with the abscissa, a nucleophilicity of *N*=20.97 is obtained.

![Determination of the nucleophilicity of GSH(NH~3~ ^+^/S^−^) from the linear plot of lg *k* ~2~ for its reactions with the electrophiles **E2**--**E17** (with 0.5 *k* ~2~ from Table [1](#anie201909803-tbl-0001){ref-type="table"} and *k* ~2~ from Table [2](#anie201909803-tbl-0002){ref-type="table"}) versus the electrophilicity parameters *E*.](ANIE-58-17704-g003){#anie201909803-fig-0003}

Conversely, the thus determined GSH nucleophilicity (*N*, *s* ~N~) allows one to estimate the electrophilicity for Michael acceptors whose reactivity had thus far only been investigated in kinetic GSH assays.[2d](#anie201909803-bib-0002d){ref-type="ref"}, [7](#anie201909803-bib-0007){ref-type="ref"}, [8](#anie201909803-bib-0008){ref-type="ref"}, [9](#anie201909803-bib-0009){ref-type="ref"} After converting the reported rate constants *k* ~GSH~ into *k* ~2~ \[Eq. (2)\], Equation (1) was used to assess *E* for various enones, ynones, enals, ynals, and further α,β‐unsaturated carbonyl compounds **M1**--**M73** (see Table S4 in the Supporting Information). For example, applying *k* ~GSH~=8.12 [m]{.smallcaps} ^−1^ s^−1^ (pH 7.4, 25 °C, from Ref. [2d](#anie201909803-bib-0002d){ref-type="ref"}) for 2‐octynal (**M28**) in Equation (2) yields *k* ~2~=290 [m]{.smallcaps} ^−1^ s^−1^. After inserting *k* ~2~ into Equation (1), the electrophilic reactivity of 2‐octynal is rated with *E*=−16.5. Analogously, electrophilicities *E* of another 72 Michael acceptors within the range of −14.4≤*E*≤−25.3 were estimated.[18](#anie201909803-bib-0018){ref-type="ref"} Available rate constants furthermore create opportunities to integrate the recently developed dynamic GSH fluorescent probes **M74**--**M82** into Mayr\'s electrophilicity scale (Scheme [3](#anie201909803-fig-5003){ref-type="fig"}).[3a](#anie201909803-bib-0003a){ref-type="ref"}, [4b](#anie201909803-bib-0004b){ref-type="ref"}, [19](#anie201909803-bib-0019){ref-type="ref"}

![Estimated electrophilicities *E* of the GSH fluorescent probes **M74**--**M82** (see Table S7 in the Supporting Information for details).](ANIE-58-17704-g007){#anie201909803-fig-5003}

It was proposed that quantum‐chemically calculated methyl anion affinities Δ*G* ~MA~ (Figure [4](#anie201909803-fig-0004){ref-type="fig"} a) could be used to predict trends in the electrophilic reactivities *E* of Michael acceptors.[10](#anie201909803-bib-0010){ref-type="ref"} The *E* vs. Δ*G* ~MA~ correlation for the Michael acceptors with *E* derived from reactions with carbon‐centered nucleophiles was reported to be linear (*r* ^2^=0.8857, *n=*44, black dots in Figure [4](#anie201909803-fig-0004){ref-type="fig"} b).[10](#anie201909803-bib-0010){ref-type="ref"} The *E* parameters estimated in this work solely from a single rate constant in kinetic GSH assays cannot be expected to be as accurate as classical electrophilicities *E*,[18](#anie201909803-bib-0018){ref-type="ref"} which are based on evaluating a set of kinetics for C−C bond‐forming reactions with carbon‐centered reference nucleophiles.[10](#anie201909803-bib-0010){ref-type="ref"} To assess the general consistency, however, we included calculated Δ*G* ~MA~ values for the Michael acceptors **M1**--**M73** with GSH‐derived electrophilicities *E* (orange dots) in Figure [4](#anie201909803-fig-0004){ref-type="fig"} b. Although the correlation coefficient decreases to *r* ^2^=0.8331 (*n=*117), the scattering range of the *E* vs. Δ*G* ~MA~ correlation does not widen significantly when GSH‐based *E* values are included. Purple rhombs in Figure [4](#anie201909803-fig-0004){ref-type="fig"} b show additional entries for **M74**--**M82**. Their positions indicate that the *E* vs. Δ*G* ~MA~ correlation for prototypical Michael acceptors also holds for roughly estimating the reactivity of the structurally more sophisticated fluorescent probes **M74**--**M82**.

![a) Definition of the methyl anion affinities (Δ*G* ~MA~) of Michael acceptors. b) Correlation between experimentally determined electrophilicities *E* and methyl anion affinities Δ*G* ~MA~ in DMSO \[calculated at the SMD(DMSO)/B3LYP/6‐311++G(3df,2pd)//B3LYP/6‐31G(d,p) level of theory, see Supporting Information for details\] supplemented by data for the fluorescent probes **M74**--**M82** (not included when calculating the correlation line).](ANIE-58-17704-g004){#anie201909803-fig-0004}

Within a reactivity range that currently covers 40 orders of magnitude, using Equation (1) usually allows chemists to calculate second‐order rate constants within a precision of factor \<100 for reactions at 20 °C, in which exactly one new C−X or C−C σ‐bond is formed.[20](#anie201909803-bib-0020){ref-type="ref"} Table S6 collects 80 experimental second‐order rate constants *k* ~2~ ^exp^ for the reactions of Michael acceptors with structurally diverse N‐, O‐, or S‐centered nucleophiles in different solvents at temperatures between 19 and 30 °C. The comparison with second‐order rate constants *k* ~2~ ^eq1^ (20 °C) calculated by using Equation (1) and the reactivity parameters *E*, *N*, and *s* ~N~ shows that *k* ~2~ ^exp^/*k* ~2~ ^eq1^\<100 is fulfilled for 71 (of 80) Michael additions (Table S6). This analysis confirms that the GSH‐derived *E* values for Michael acceptors can also be used to predict reaction rates for Michael additions of other classes of nucleophiles.[21](#anie201909803-bib-0021){ref-type="ref"} Rates of Corey--Chaykovsky cyclopropanations,[22](#anie201909803-bib-0022){ref-type="ref"} stepwise Huisgen reactions,[10](#anie201909803-bib-0010){ref-type="ref"} Weitz--Scheffer epoxidations,[23](#anie201909803-bib-0023){ref-type="ref"} cyanoethylations,[24](#anie201909803-bib-0024){ref-type="ref"} or simple 1,4‐additions of Michael acceptors with amines, alkoxide ions, and thiolates[24](#anie201909803-bib-0024){ref-type="ref"} can thus be assessed by using Equation (1) and the available reactivity parameters *E*, *N*, and *s* ~N~.[12](#anie201909803-bib-0012){ref-type="ref"}

In conclusion, the nucleophilic reactivity for the thiolate GSH(NH~3~ ^+^/S^−^) in water (*N*=20.97; *s* ~N~=0.56) has been established. If *k* ~2~=10^−3^  [m]{.smallcaps} ^−1^ s^−1^ is considered as a minimum rate constant for practical reactions at 20 °C,[11c](#anie201909803-bib-0011c){ref-type="ref"} GSH(NH~3~ ^+^/S^−^) can be expected to react successfully with electrophiles of *E*\>−26. This limiting *E* value may give orientation for the future development of so‐called "warheads" in covalently inhibiting drugs.[2](#anie201909803-bib-0002){ref-type="ref"}, [6](#anie201909803-bib-0006){ref-type="ref"} The applicability of Mayr reactivity parameters for the rational design of dynamic real‐time GSH‐selective fluorescent probes has already been shown.[4a](#anie201909803-bib-0004a){ref-type="ref"} The conversion of GSH reactivities (lg *k* ~GSH~) into Mayr *E* values (Tables S4 and S7), as proposed in this work, enables the prediction of relevant second‐order rate constants for competing nucleophilic sites, which is a frequent challenge in the development of thiol‐selective probe molecules.[3](#anie201909803-bib-0003){ref-type="ref"}, [4](#anie201909803-bib-0004){ref-type="ref"} Furthermore, the GSH‐based estimated electrophilicities of \>70 Michael acceptors provide new insight into general structure--reactivity relationships (Figure S4).[6g](#anie201909803-bib-0006g){ref-type="ref"} The estimated Mayr *E* parameters considerably enrich the structural diversity in the chemist\'s toolkit for the systematic prediction of thus far unexplored 1,4‐additions of Michael acceptors to a wide range of C‐, N‐, P‐, O‐, and S‐centered nucleophiles for which *N* and *s* ~N~ are known[12](#anie201909803-bib-0012){ref-type="ref"} (Figure S5).
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